Phylogenetic relationships between the European species of the genus Gentiana L. (Gentianaceae) were inferred from chloroplast trnL (UAA) intron sequence data. The phylogeny obtained is largely in accordance with the classification of species into sections Gentiana, Megalanth and Calathianat. Few synapomorphies support the branching of the main lineages and thus could suggest a rapid radiation following the colonization of Europe. Within section Gentiana, our results are highly congruent with the previous distinction of G. montsmatii Vivant from G. lutea L. Section Megalanthe is divided into two well separated lineages, both of which comprise calcicole and calcifuge species. The 'star phylogeny' obtained in section Calnthianae suggests that most of the taxa speciated almost simultaneously. Relative-rate tests between two lineages suggested that section Chondrophvllae displays higher mutation rates than the rest of the genus Gentiuna and that cpDNA can violate assumptions of rate constancy at lower taxonomic level. (Ho & Liu, 1990).
INTRODUCTION
The genus Gentiana L., with 361 species (Ho & Liu, 1990 ) is the largest one of Gentianaceae. Ho & Liu (1 990) recently proposed an intrageneric classification, and subdivided it into 15 sections. The genus has a subcosmopolitan distribution, ranging from Europe to temperate zones of Asia and North America for most species. The major centre of distribution is in Asia with 14 sections and 312 species (299 endemics), comprising 93.3% and 86.4% of the world's total, respectively. The highest species concentration is found in the mountains of south-west China (190 species, 98 endemics, 11 sections). A second important centre of distribution is found in Europe with 27 species (17 endemics) belonging to eight sections, two sections being endemic (sections Gentiana and Megalanthe). The maximum species concentration occurs in the Alps and Pyrenees (26 species, 8 sections) and in the Carpathians (13 species, 7 sections) (Ho & Liu, 1990) .
Gentianella Moench has recently been separated from Gmtiana, and in Gentianella section Crossopetalae has been raised to generic rank and became Gentianopsh Ma: these separations are supported by morphological, anatomical, karyological, chemical, pollen, and molecular data (Ma, 195 1; Favarger, 1985 and references therein; Yuan & Kiipfer, 1995) . The phylogeny of the genus Gentiana remains uncertain. According to Scharfetter (1953) , Carbonnier, Massias & Molho (1977) , Massias, Carbonnier & Molho (1977) and Miiller (1982) section Gmtiana is considered as the sister group of the rest of the genus, based on morphological, karyological and phytochemical data. In return, according to Ho & Liu (1990) , section Stmogyne, which share morphological similarities with genera Craw&rdia and Ti$&-rospermurn, is regarded as the 'primitive type of the genus '. Phylogenies can also be inferred from the analysis of homologous sequences of chloroplast DNA (cpDNA) (Palmer, 1987; Palmer et al., 1988; Clegg, Learn & Golenberg, 1991) . Within the seed plants the rbcL gene, encoding the large subunit of Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase), has been widely sequenced for all major taxonomic groups and appears to be a valuable tool in assessing phylogenetic relationships at higher taxonomic levels (Chase et al., 1993 and references therein). Although some phylogenies were successfully obtained at lower taxonomic (inter and intrageneric) levels (Conti, Fischbach & Sytsma, 1993; Gadek & Quinn, 1993; Kron & Chase, 1993; Price & Palmer, 1993; Soltis et al., 1993; Xiang et al., 1993) , in some instances the rbcL gene lacks resolution to estimate reliably phylogenetic relationships between closely related taxa (Doebley et al., 1990; Gaut et al., 1992;  Kim et Soltis et Xiang et al., 1993) . However, there is ample evidence of intraspecific cpDNA variation, mainly revealed by RFLP analysis (reviewed by Soltis, Soltis & Milligan, 1991) . Analysis of non-coding sequences of cpDNA, which display sometimes higher mutation rates than coding regions (Curtis & Clegg, 1984; Wolfe, Li & Sharp, 1987; Zurawski & Clegg, 1987; Clegg & Zurawski, 199 l) , can increase the resolution and permits assessment of phylogenetic relationships at the intrageneric and even at the intraspecifk level (Taberlet et al.,
This paper presents a phylogeny of the European Gentiana species based upon the analysis of chloroplast DNA trnL (UAA) intron sequence data, since this region seems to be informative enough to evaluate phylogenetic relationships at lower taxonomic levels (Taberlet et al., 1991; Ferris et al., 1993; Bohle et al., 1994; Gielly & Taberlet 1994a, b; van Ham et al., 1994) .
1991).
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MATERIAL AND METHODS

Plant material
Species analysed are given in Appendix 1. Species identification and section assignment are in accordance with Flora Europaea (Tutin et al., 1972) . In Gentiana, a new species of section Gentiana has been included in the study: G. montsenatii Vivant, endemic to the Spanish side of the Western Pyrenees (Huesca province) and which has recently been described (Vivant, 1975) . We also included extra-European taxa, such as G. septemjda Pall. from the Caucasus and Swertia petiolata Royle from the Himalayas.
DNA extraction
Total DNA was extracted using a modified version of the Cationic HexadecylTrimethylAmmonium Bromide (CTAB) protocol described by Doyle & Doyle (1990) , adapted for the polymerase chain reaction: DNA was purified using Microcon 100 000 MWCO low-binding filter units (Amicon, Beverly, MA) (Krowczynska & Henderson, 1992) , according to the manufacturer's instructions, instead of isopropanol precipitation. The whole procedure was performed in 1.5 ml microcentrifuge tubes to prevent possible contamination by foreign DNA (Taberlet et al., 1991) .
DNA arnpl$cation
Double stranded DNA amplifications were performed in a 25 pl volume containing 50mM KC1, 10mM Tris-HCL pH8.3, 2mM MgCl,, 1 pM of each primer, 200pM of each dNTP and 0.5U of Taq Polymerase (Boehringer, Mannheim). The trnL (UAA) intron was amplified with primers c GAAC-3') (Taberlet et al., 1991) . The PCR mixture underwent 35 cycles of 1 min at 93"C, 1 min at 5OoC, 2 min at 72°C. Double stranded DNA was purified on agarose gel (Kocher et al., 1989) and used as template for asymmetric amplification. Single stranded DNA was obtained via asymmetric PCR with a primer ratio of 1:100
DNA sequencing
Following asymmetric amplification, excess primers and deoxynucleotide triphosphates were removed from samples by filtration in Microcon 100 000 MWCO lowbinding filter units (Amicon, Beverly, MA) (Krowczynska & Henderson, 1992) , according to the manufacturer's instructions. Single-stranded DNA was sequenced with the limiting primer of the asymmetric PCR, using the chain-terminating dideoxynucleotide Sequenase Version 2.0 kit (United States Biochemical Corporation, Cleveland, OH) and 35S-labelled dATP, following a standard protocol Downloaded from https://academic.oup.com/botlinnean/article-abstract/120/1/57/2596161 by guest on 09 December 2018 (Sambrook, Fritsch & Maniatis, 1 989). DNA sequencing reactions were electrophoresed in a 6% acrylamide 7M urea and 1XTBE denaturing gel using a BRL sequencing gel electrophoresis system (Sambrook, Fritsch & Maniatis, 1989) .
Phylogeny assessment
The multiple alignment of the trnL (UAA) intron sequences was obtained using the CLUSTAL program (Higgins, Fuchs & Blesby, 1992) with slight manual modifications to minimize the number of gaps. For each pair of species, we estimated the proportion of observed mutational events following the formula employed by O'Donnell (1992) : proportion of mutational events = {(TS + TV + ID)/ L} X 100, where TS = number of observed transitions, TV = number of observed transversions, ID = number of observed insertions/deletions (multi-base length differences are scored as l), and L = sequence length (TS + TV + ID + number of sites showing the same nucleotide). Note that the proportion of mutational events estimated using this formula cannot be converted to a genetic distance but does allow comparison of the phylogenetic information of the relevant sequences.
Phylogenetic analysis was performed using PAUP 3. 1.1 (Swofford, 1993) : the different mutational events (substitutions as well as insertions/deletions) were coded in a same matrix of unordered multistate characters, the nucleotide stretch corresponding to one insertioddeletion (or two overlapping insertions/deletions) being treated conservatively as a single site, regardless of its length (Gielly & Taberlet, 1994b) . The phylogeny was assessed using the heuristic search method of PAUP (character optimization ACCTRAN, MULPARS and TBR branch swapping options). To ensure that all islands of most parsimonious trees were found (Maddison, 1991) , the search was repeated 100 times with RANDOM addition and with a maximum of 100 trees saved at each replication.
In order to test the heterogeneity of cpDNA evolutionary rate at the intrageneric level, we employed the relative-rate test between two lineages developed by Li & Bousquet (1992) . These tests were performed on genetic distances estimated from substitutions only and using Kimura's two-parameter model (Kimura, 1980) .
RESULTS
Successful double-stranded amplifications and complete sequences were obtained for all of the taxa studied, the size of the tnzL (UAA) intron ranging from 328 bp (G. boy' Boiss.) For the phylogeny, we first used the 'midpoint rooting' option to test the homogeneity of the different genera. In the resulting phylogenetic tree, genera Gentiana and Gentianella are clearly separated (1 0 character changes). The heuristic search of PAUP resulted in 8101 most parsimonious trees with tree length of 202 steps, consistency index of 0.847, and retention index of 0.903 (all the non Gentiana taxa were used as outgroup). A strict consensus of these trees was then computed (Fig. 1) . In this cladogram, Gentianella ciliata (L.) Borkh. does not appear to be closely related to the rest of the genus Gentianella. Few synapomorphies support the branching of the main lineages: the nodes A, B, C and D of Figure 1 result from one, one, one, and two character changes, respectively. Section Megalanthe appears to be paraphyletic on this tree, but by enforcing a topological constraint (monophyly of this section), the tree length is increased by only one step. In the same way, another topological constraint (section Gentiana, G. asclepiadea L. and G. joelichiiJan ex Rchb. rooting the rest of the genus), the tree length is increased by only two steps.
G. f r i~d a
Haenke is sister to the rest of the genus Gentiana (Fig. 1) . G. joelichii (section Frigida) and G. asclepiadea (section Pneumonanthe) are clustered together, and nested into section Gentiana (Fig. 1) . G. septemjda is separated from other species of its section (Chondrophyllae in Tutin et al., 1972) (Fig. 1) .
A lineage encompassing three species (G. prostrata, G. pyrenaica and G. boyi of section Chondrophyllae) shows abnormally long branch length on trees (data not shown). This lineage seems to accumulate mutational events (substitutions as well as insertions/deletions) about three to five times more frequently than the other species of the genus. Relative rate tests between two lineages were carried out between the three relevant species and two species of the three main sections represented in Alps G. acaulis L.; and section Calathianae: G. brachyphylla Vill. subsp. brachyphylla, G. nivalis L.) ; four different reference taxa were used: (i) Swutiaperennis L.,
(ii) Lomatogonium carinthiacum (Wulfen) Rchb., (iii) Gentianella tenella (Rottb.) Borner, and (iv) Gentianella ciliata. A total of 12 tests were carried out. Ten of them were significant at more than 95%, clearly indicating that section Chondrophyllae displays higher mutation rates than the rest of the genus Gentiana (Table 1) . In order to illustrate this heterogeneity of cpDNA evolutionary rates, we performed a parsimony analysis of the subset of species used for the relative-rate tests (Fig. 2) .
DISCUSSION
The phylogenies established here demonstrate the usefulness of trnL (UAA) intron ' of cpDNA to resolve phylogenetic relationships at lower taxonomic levels (inter and intrageneric). We also sequenced the intergenic spacer between the trnL (UAA) 3' exon and the trnF (GAA) for several of the species in Appendix 1 but length mutational events were too frequent (the multiple alignment was ambiguous) and long series of T s prevented sequencing of the entire region (data not shown). The evolution of this region was too fast to assess phylogenetic relationships at the intrageneric level and thus the spacer could not be used in this case.
Our results at the intergeneric level strongly support (10 character changes) the recent separation of genera Gentiana and Gentianella (review by Favarger, 1985) , as well as the exclusion of Gmtianella ciliuta from genus Gentianella ( Fig. 1) complementing phytochemical (Massias, Carbonnier & Molho, 1982) , seed-morphological (Yuan, 1993) , karyological (Yuan & Kupfer, 1993a) , and molecular data (Yuan & Kupfer, 1995) , and therefore clearly support the creation of genus Gentianopsb Ma (Ma, 1951) from section Crossopetalae of genus Gentianella. Lomatogonium carinthiacum seems to be closely related to the genus Gentianella (Fig. 1) . A similar relationship between another species of Lornatogonium (L. macrunthum (Ciels ex Gag) Fern) and some species of section Comastoma from genus Gentianella was obtained with internal transcribed spacers (ITS) sequences of nuclear ribosomal DNA (nrDNA) (Yuan & Kupfer, 1995) . Other species of Lomatogonium should be analysed in order to clanfy the relationships between Lomatogonium and Gentianella.
Gentianella campestris Gentianella gennanica €Gentianella aspera Gentianella pirosa Gentianella anisodonta (Scharfetter, 1953; Favarger 1985; Yuan & Kupfer, 1993b 
Section Gentiana
Our results are highly congruent with the previous distinction of G. montserratii from G. lutea, based on morphological, palynological and ecological data (Vivant, 1975) , and also phytochemical data (Massias, Carbonnier & Molho, 1980) . The dotted-flowered gentians (G. punctata L., and the two subspecies of G. bursen) are grouped together except for G. pannonica Scop. which is branched out of the group. This result partly agrees with Bonnier (1 935) who treated G. punctata, G. bursen' and G. pannonica as closely related taxa. In Gentzizna, the yellow colour of flowers is thought to be ancestral (Miiller, 1982; Favarger, 1985) . G. monherratii (yellow flowers) is sister to the rest of the section and G. purpurea (purple flowers) is branched before the separation of the dotted-flowered gentians (G. punctata and the two subspecies of G. bursen', both yellow flowers). The topology of the tree could suggest either a secondary return to yellow flowers, or an independent acquisition of purple flowers in G. purpurea and G. pannonica.
Section Megalanthe
This section appears to be paraphyletic (Fig. l) , with two well separated groups of species (G. acaulis, G. occidentulis Jakow., G. angustiiolia, and G. ligustica R. Vilm. - Chopinet for the first one; and G. chii, G. alpina and G. dinaka for the second one). However the paraphyly is highly questionable since a topological constraint (monophyly of the section) increases the length of the tree by only one step (203 instead of 202; consistency index: 0.842, retention index: 0.900), and also since this group is morphologically homogeneous and was even previously considered as a single collective species G. acaulk, encompassing three subspecies (Bonnier, 1935 )! More recently, the section was divided into seven species, but it was suggested that the rank of subspecies might be more appropriate (Tutin et al., 1972 , G. angustiiolia, G. l i p t i c a and G. clusii, G. dinarica) . Thus the soil preference has evolved independently in the two clades.
Section Calathianae
The monophyly of this section is supported by seven character changes in the cladogram (Fig. l) , but phylogenetic relationships within the section are not clearly resolved and look like a star phylogeny. Some species of this section are distributed in limited areas and a possible explanation for the particular topology of the tree could be that most of taxa speciated almost simultaneously. There is no sequence divergence between G. brac&hylla subsp. brachyphylla, G. brachyplylla subsp. fawatii from Austria and G. rostanii Reut. ex Verl.; but variation occurs between G. brachyphylla subsp. fawatii from Austria and from Italy. The taxonomic status of G. brachyphylla favratii however remains unclear: this taxon has been raised to the rank of species as G. orbiculalzr Schur (Pignatti, 1982) and Tammaro (1986) al., 1990; Bousquet, Strauss & Li, 1992; Gaut et al., 1992; Frascaria et al., 1993; Gaut, Muse & Clegg, 1993; Gielly & Taberlet 1994a ) and also at lower taxonomic level (e.g. Schilling & Jansen, 1989; Wallace & Jansen, 1990; Baldwin, Kyhos & Dvorak, 1990; Doyle, Doyle & Brown, 1990; Hong, Krupkin & Strauss, 1993) .
The use of non-coding sequences of cpDNA for the establishment of plant phylogenies can lead to incorrect phylogenetic inferences due to the presence of numerous length mutational events (Golenberg et al., 1993) . However some of them provided useful phylogenetic information (e.g. the common deletion of 56 bp shared by G. prostrata, G. pyrenaica and G. boryi, two deletions of 7 and 8 bp shared by G. acaulis, G. occidentalis, G. angustijlia and G. ligustica; see Appendix 2). The use of insertiorddeletions authorizes only parsimony approaches for inferring phylogenetic relationships between closely related species, since reliable genetic distances cannot be estimated from both substitutions and length mutations (Gielly & Taberlet, 1994b) . In the present case, homoplasies were infrequent (see consistency indexes) and occurred mainly in one base gaps or multibase gaps located in repeated portions of the intron. Removing such characters did not change the general phylogeny of the 46 taxa. On the other hand, multibase insertions/deletions placed anywhere else in the intron can be phylogenetically informative. Similar results were obtained in the Crassulaceae and the Saxifragaceae (van Ham et al., 1994) , and in the genus Echium (Bohle et al., 1994) by the analysis of the same regions of cpDNA.
Nevertheless, the trnL (UAA) intron seems to be well suited for any preliminary study: (1) the primers are universal enough to amplif). from a wide taxonomic range of plant species and do not require the design of specific primers, (2) because of the relatively small size of this region there is no need for internal primers for sequencing so that information can be easily obtained, (3) insertions/deletions seem to occur less frequently in the tmL intron than in the intergenic spacer, and (4) long series of T s are rare in the tmL intron.
The results reported here do not represent the definitive phylogeny of the genus in Europe but could be used for further investigations. Nevertheless, the weakly supported branching pattern among the main lineages of European gentians could suggest a rapid radiation following the colonization of Europe. Phylogenetic trees at the intrageneric level or at the section level contain some ambiguous branching patterns which could be resolved by the sequencing of (1) some other regions of cpDNA such as coding regions like matK (Johnson & Soltis, 1994; Steele & Vilgalys, 1994) and ndhF (Scotland et al., 1995) , or a non-coding region such as the intergenic spacer between rbcL and atpB (Golenberg et Spichiger, Savolainen & Manen, 1993; Manen, Natali & Ehrendorfer, 1994; Savolainen et al., 1994) , or (2) the internal transcribed spacers (ITS 1 & ITS2) of nrDNA which can be a valuable tool for the assessment of plant phylogenetic relationships (Hamby & Zimmer, 1991 and references therein). Restriction site analyses of cpDNA should also be performed, since Kim et ul. (1992) showed that cpDNA restriction site data from the whole chloroplast genome are more useful for phylogenetic inference than sequences from rbcL in the Asteraceae. Such procedures should give more information and lead to a better understanding of phylogenetic relationships in section Cuhthiunue or the evolutionary history of the genus, such as the determination of the ancestral section, the ancestral colour, or the position of G.cFzgzda for example. G 
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